Geobacter sulfurreducens is a model organism within the delta-Proteobacterial family Geobacteraceae, members of which can participate in environmental bioremediation of metal and organic waste contaminants and in production of bioenergy. In this report, we describe a new, significantly expanded and updated, version 2 of the GSEL (Geobacter Sequence Elements) database (http:==geobacter.org=research=gsel2= and http:==geobacter.org= refs=gsel2=) and its accompanying online query system, which compiles information on operon organization and regulatory sequence elements in the genome of G. sulfurreducens. It incorporates a new online graphical browser, provides novel search capabilities, and includes updated operon predictions along with new information on predicted and experimentally validated genome regulatory sites. The GSEL database and online search system provides a unique and comprehensive tool cataloging information about gene regulation in G. sulfurreducens, aiding in investigation of mechanisms that regulate its ability to generate electric power, bioremediate environmental waste, and adapt to environmental changes.
Introduction
R egulation of gene expression in microbial species is a highly complex process that includes a variety of individual components and involves multiple biological pathways. To date, multiple online databases and Web resources have been developed, which focus on specific bacterial organisms or cover particular regulatory systems. Such widely popular resources include, for example, RegulonDB, which provides information about components of regulation of gene expression in Escherichia coli, including computational and experimental data on transcription factors and their binding sites, regulatory RNA molecules, operons, transcriptional attenuators, riboswitches, and sRNA targets (Gama-Castro et al., 2008) . Information about E. coli transcription factors and their footprinted binding sites is also contained in the DPInteract database (Robison et al., 1998) . EcoCyc (Keseler et al., 2009 ) is a popular E. coli resource that provides information about the components of E. coli regulatory network, including transcription factors, attenuator elements, and sRNA regulation; it also serves as a resource of other information on E. coli genome components and its metabolic network. Tractor_DB (Pérez et al., 2007 ) is a database of computationally predicted regulatory interactions in g-Proteobacteria; many of the organisms presented in this database are pathogenic. PRODORIC (Grote et al., 2009 ) is a database of transcriptional regulation and transcription factor binding sites (TFBS) with a focus on pathogenic bacteria. CoryneRegNet (Baumbach et al., 2009 ) is a resource compiling data storage, retrieval, and visualization of gene regulatory networks and gene expression information in corynebacteria, E. coli, and Mycobacterium tuberculosis. DBTBS (Sierro et al., 2008) was originally developed as a comprehensive resource of information about gene regulation in Bacillus subtilis and later was expanded to include comparative information on 40 additional Gram-positive bacterial species. Some resources focus on specific families of transcriptional regulators, for example, the BacTregulators database contains information about the AraC-XylS and TetR families of transcriptional regulators (Martinez-Bueno et al., 2004) . The ExtraTrain database provides computationally derived information about transcriptional regulators from a larger number of bacterial families and compiles data on extragenic regions from a wide range of microbial species (Pareja et al., 2006) . Other resources provide information about regulatory mechanisms that involve changes in RNA structures, for example, RibEx (riboswitch explorer) (AbreuGoodger and provides information about riboswitches and transcriptional and translational attenuators in a wide variety of microorganisms. RegTransBase (Kazakov et al., 2007) compiles literature-based information on transcriptional regulatory interactions and regulatory sequence sites across a wide range of microbial species.
In this report, we describe an online resource for gene regulatory information for Geobacter sulfurreducens, a model microorganism which belongs to the environmentally important microbial family Geobacteraceae from the d subdivision of Proteobacteria (Lonergan et al., 1996) . Members of this family have a potential for energy production and environmental bioremediation due to their ability to couple the oxidation of acetate, an intermediate in the anaerobic degradation of organic matter, to the reduction of extracellular electron acceptors, such as metal oxides and humic substances (Anderson et al., 2003; Bond et al., 2002; Holmes et al., 2002; Lovley et al., 2004; North et al., 2004) . Due to the unique properties of Geobacteraceae, the regulation of G. sulfurreducens is extensively studied, and many transcription factors and regulatory sequence sites have been experimentally identified in its genome or predicted using computational means. The genome sequence of G. sulfurreducens is available (Methé et al., 2003) , and multiple gene expression microarray experiments have been carried out for this microorganism, providing initial insight into regulatory mechanisms involved in its re- While v. 1 of GSEL contained putative RpoS-and RpoD-regulated promoters predicted using the AlignACE software (Roth et al., 1998) , v.2 also includes putative RpoS-regulated promoters predicted using the BioProspector (Liu et al., 2001) and BioOptimizer ( Jensen and Liu, 2004) software. For details, see Yan et al. (2006). b While v. 1 of GSEL included duplicate entries of sequence elements with ScanACE with scores > m i , (Krushkal et al., 2008; Yan et al., 2007) , this redundancy has been removed from GSEL database v. 2. Although an earlier version (v. 1) of GSEL included duplicate entries of sequence elements with ScanACE with scores > m i (Krushkal et al., 2008) , this redundancy has been removed from GSEL database v. 2.
Access level indicates whether regulatory site predictions upstream of individual operons or genes are available for public users (level 1) or password-protected (level 2). Load level indicates categories of data access for genomewide bulk download of data using search category ''Method or Data type,'' where level 1 is publicly available, level 2 is accessible using a password, and level 3 is accessible to GSEL database administrators. Levels 2 and 3 are intended to be temporary, and these data will become publicly available at level 1 once the manuscripts describing appropriate data sets are published.
sponse to a variety of perturbations (DiDonato et al., 2006; Juárez et al., 2009; Krushkal et al., 2007; Leang et al., 2005; Mahadevan et al., 2008; Methé et al., 2005; Nú ñ ez et al., 2004) . Because members of the family Geobacteraceae have an important potential for environmental bioremediation of metal contaminants and organic waste as well as for energy generation, cataloging regulatory interactions is necessary for a better understanding of the transcriptional regulatory networks, which allow these organisms to respond to environmental stimuli. Existing online resources of regulation of microbial gene expression generally provide in-depth information for bacterial lineages that are distant from Geobacteraceae. To address the need for an integrated resource for regulation of gene expression in Geobacter, we developed an online database and an accompanying online query system, GSEL (for Geobacter Sequence Elements), compiling available information about predicted regulatory sequence elements and operon organization in the genome of G. sulfurreducens (Qu et al., 2009) . As reported earlier (Krushkal et al., 2008) , version 1 of the GSEL database and query system was developed using text and html formats, Unix Shell scripts, and JavaScript. It contained information about promoter elements and transcription factor binding sites predicted upstream of operons with significant changes in expression under different perturbation conditions Mahadevan et al., 2008; Yan et al., 2006) , genome sites similar to known regulatory sequences from Escherichia coli , an extensively studied member of g-Proteobacteria, and previously published (Rodionov et al., 2004) conserved sequence sites that were identified using genome analysis of closely related members of d-Proteobacteria.
We report here the completion of the new version 2 of the GSEL database and query system, which has been developed as a relational database using LAMP technologies, as well as Java, XML, and JavaScript for the graphical browser. GSEL v.
2 (Qu et al., 2009 ) is integrated with the Geobacter online server (Brown, 2009 ), a comprehensive online resource dedicated to the biology of Geobacteraceae and of other environmentally important microorganisms . Although the online Geobacter server provides a broad informational resource for studies of Geobacteraceae, GSEL v. 2 is a database with a specific focus on operon organization and regulatory sequence elements in G. sulfurreducens, the most extensively studied model representative of Geobacteraceae. GSEL v. 2 is an expanded, updated, and curated resource that has undergone significant development since the release of version 1 (Krushkal et al., 2008) . It incorporates a new online graphical browser, and includes updated operon predictions and new information on predicted and experimentally validated genome regulatory sites, which have been manually curated in GSEL v. 2. Table 1 compares new features in GSEL v. 2 to features in previous v. 1 of the GSEL database.
Each sequence element corresponds to a short oligonucleotide fragment with a specific location in the genome of G. sulfurreducens that is suggested to have a regulatory role based on either experimental data or in silico predictions. Version 1 of GSEL contained 10 categories of sequence elements (Krushkal et al., 2008) . Among new sequence elements added to GSEL v. 2 have been predictions of RpoN-regulated promoters, suggested to be regulated using the alternative sigma factor s 54 , sequence sites predicted for the enhancer binding protein PilR (Barbe et al., unpublished) , and ribosome-binding sites (Y. Qu and J. Krushkal, unpublished) predicted using RBSfinder software (release of 12=19=2001) (Suzek et al., 2001) . We also included s 70 family promoters predicted using similarity searches to three G. sulfurreducens s 70 family promoter matrices, denoted as A, B, and C (Yan et al., 2006) . Also added to GSEL version 2 were regulatory sequence elements reported by other research logout.php (Merino and Yanofsky, 2005) . Additionally, DNA curvature was calculated using the algorithm BEND (Goodsell and Dickerson, 1994) with the rotational and translational contribution matrices derived from sequence periodicities in nucleosome core DNA (Satchwell et al., 1986) . This information has been added to the regulatory element predictions published earlier by Rodionov et al. (2004) that were included in GSEL v. 1. Additional new information in GSEL v. 2 includes regulatory sequence elements identified from several experimental studies ( Jara et al., 2003; Ueki and Lovley, 2007; Yan et al., 2006) . All predictions of the operon organization of the G. sulfurreducens genome in the GSEL database are publicly available. For regulatory sequence elements, GSEL v. 2 now incorporates several data security levels allowing different options for their storage and query, which is a novel feature introduced in this version. Level 1 data are publicly available (http:==geobacter.org=research=gsel2), whereas level 2 and 3 data (Qu et al., 2009 ) incorporate unpublished results of regulatory site analyses that will be released for public use following publication of original manuscripts (e.g., Barbe et al., unpublished) that describe in detail the analyses leading to the predictions of these elements.
An Overview of the Database and New Features of GSEL v. 2

Gene and operon information
Because bacterial genes are frequently cotranscribed as operons, or units of transcription, information about bacterial operon organization is highly important for the understanding of gene regulation. Operon organization of the G. sulfurreducens genome was predicted using a commercial version of the FGENESB software (V. Solovyev and A. Salamov, Softberry, Inc, 2003-2008) (Tyson et al., 2004) , as described earlier Mahadevan et al., 2008; Yan et al., 2006 Yan et al., , 2007 . The FGENESB software predicted protein-coding genes using Markov chain models of coding regions and translation start and termination sites, and annotated them based on information from public databases. Sequence parameters (e.g., coding content, oligonucleotide composition, and gene length distribution) used in Markov chain-based modeling of protein-coding genes were estimated by the FGENESB software from the G. sulfurreducens genome via an iterative procedure, with the minimum ORF length set to 100 nt. tRNA and rRNA genes, s 70 family promoters, and rhoindependent terminators were predicted by the FGENESB pipeline based on sequence similarity searches, linear discriminant analysis, or modeling approaches. Operon prediction by FGENESB is based on direction of adjacent genes, distribution of intergenic distances, presence or absence of predicted promoter and terminator regions, and conservation of pairs of adjacent genes across microbial genomes (V. Solovyev, personal communication) using information from the Clusters of Orthologous Groups (COG) database (Tatusov et al., 2001 (Tatusov et al., , 2003 . GSEL v. 2 utilizes the operon numbering system derived from a recently updated G. sulfurreducens operon annotation (version of March 21, 2007) . Additionally, users also have an option of selecting an older ( June 01, 2004) version, which was used in GSEL version 1 (Krushkal et al., 2008) . Both versions of operon numbering are available for download from the GSEL Web site. Additionally, the entire public version of the GSEL database v. 2 is available for download as a compressed flat file from the public GSEL Web site.
The genome location and strand orientation of proteincoding genes predicted by the FGENESB software was compared to the most current list of predicted protein-coding genes, their identifiers (GSU numbers), and genome locations available from the National Center for Biotechnology Information and the Geobacter online server (M. Aklujkar, manual curation, unpublished; Brown, 2009; Methé et al., 2003) . If any mismatches are observed between these predictions, the operon table in the output from the query system provides information about such mismatches. Table 2 and the online help file provide information about sources of predicted or experimentally validated regulatory sequence elements currently stored in GSEL v. 2 and give references to the original publications that generated these data sources.
The development of the relational GSEL database version 2 and its online query system was performed using the LAMP open-source dynamic Web platform. PHP version 5.2.1 and PHP Coder Pro were employed to develop Common Gateway Interface (CGI) programs for database querying and output. Figure 1 demonstrates the flow scheme of programs and their corresponding functions. These programs provide an output listing gene and operon annotation along with regulatory sequence elements in the genome region of interest. If the number of regulatory sequence elements found when searching using a particular query exceeds 200, they are presented for viewing using multiple pages, in increments of 200 elements. A module for displaying multipage output was adapted from PHP Classes Repository (2008) and modified for use with the GSEL v. 2 query system.
The new version of GSEL incorporates an online graphical genome browser, which allows users to graphically view genes and regulatory sequence elements in the genome coordinates. This browser, which shows a resemblance to Google map software, has been developed using the OpenLayers JavaScript API (2008), along with an OpenLayers extension for viewing genomic data (Pedersen, 2008) . The image tiles displayed in the browser containing layers for genome features, operons, and the regulatory elements are created by a Java servlet written for this purpose. The browser was originally developed as part of the Geobacter online resource and was adapted for use with this project.
GSEL v.2 online query system
Detailed information about querying the database and the output format is provided in the online help file. GSEL v. 2. users have four options of running a search available from a pull-down menu (Fig. 2): (1) using an operon or singleton ORF number; (2) using an identifier (GSU number) for a G. sulfurreducens protein-coding gene, available from GenBank; (3) providing start and end positions [in base pairs (bp)] of a genome region of interest. This option is most appropriate for an upstream region or regions of interest, where most of the regulatory sites are expected to be present, but it can also be used for coding regions in the genome, for the entire operon, and for multiple operons including both coding and noncoding regions; (4) in GSEL v. 2, under the search category ''Method or Data type,'' users can use a keyword to query and bulk download all regulatory sequences predicted to be regulated by a particular transcriptional regulator (e.g., RpoN) or those generated using a particular method of interest (e.g., the use of a key word ''Experimental'' would list all sequence elements predicted experimentally).
For a user-specified genome region, the online system provides two tables and a graphical view as an output (Fig. 3) . The first table describes the predicted operon organization and gene annotation of a genome region of interest. Similar to GSEL v. 1, the users of GSEL v. 2 can view the list of genes in each operon and their locus identifiers (GSU numbers). A novel feature in GSEL v. 2 is that the list of gene locus abbreviations (e.g., apt, ihfA1, etc.) is provided within the operon table.
The second table provides the list of putative regulatory sequence elements located in the genome region of interest or
FIG. 2.
A screenshot demonstrating the GSEL v. 2 query system and an accompanying graphical browser. Users have the option of selecting a version of operon annotation (2007 or 2004 ) from a pull-down menu. They can request an output listing regulatory sequence elements located in a region upstream of a particular operon (Query type ¼ ''Operon number(s),'' e.g., 33) or upstream of an operon containing a specific gene (Query type ¼ ''GSU number(s),'' e.g., GSU0715). They can also search for all regulatory sequence elements within a particular region, by providing base pair genome coordinates (Query type ¼ ''Region Boundaries,'' e.g., 700-1201), where a dash, comma, semicolon, or space can be used to separate the start and position of the region of interest. The region length should not exceed 200,000 bp. If users wish to seek information on genome regions exceeding 200,000 bp in length, they can obtain it by downloading the entire public version of the database from the public GSEL online site. Users can also search the database for all regulatory sequence elements containing a keyword in the Method category or in the Data type category (Query type ¼ ''Method or Data Type,'' e.g., PilR). Users also have an option of requesting the output sequence elements sorted according to the number of methods, G i , predicting each sequence element and all sequence elements that significantly overlap with it, or sorted according to the genome start position of each sequence element.
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in the noncoding region upstream of the user-specified operon or gene. In GSEL v. 2, a sequence element is considered to belong to a genome region if ! 3 bp of the sequence element is located within that genome region. The user can sort the list of sequence elements in a region of interest according to their start position or based on the number of different data sources that point to a regulatory sequence element in this position, which is a novel feature added to GSEL v. 2. Another new feature in GSEL v. 2 is the option to download the entire output table of regulatory sequence elements in text format. For each sequence element i, the output information includes a link to the graphical map showing its location, which is a novel feature developed for GSEL v. 2. Additional output information includes two scores, G i , the number of method categories that provided all sequence elements in this region significantly overlapping with regulatory sequence element i, and S i , the total number of sequence elements forming overlapping pairs with sequence element i. Both scores, G i and S i , were described earlier for GSEL v. 1 (Krushkal et al., 2008 ) (see also legend to Table 3 for definition of S i in GSEL v. 2). These scores account for redundant predictions of essentially the same regulatory sequence elements using multiple methods and data sources. (When information about regulatory sequence elements is updated in the GSEL database v. 2, e.g., if new sequence elements are added to the database or if any sequence elements are removed due to manual curation, the scores G i and S i are recalculated using a MySQL stored procedure.) At the present time, the maximum value of the score G i in GSEL v. 2 is 12, and it has been achieved by four sequence elements. Table 3 demonstrates the distribution of this
FIG. 3.
A screenshot demonstrating an example output of the query system, reporting operon organization and the list of regulatory sequence elements upstream of an operon containing gene GSU1525 (rpoS). The query system in the top portion of the page allows users to query the database using operon number, gene ID, genome coordinates, or source=category of predicted elements. The first table in the output provides predicted operon organization and gene content of the rpoS operon containing GSU1523-GSU1526 along with information about the region immediately upstream of the rpoS operon, including the noncoding intergenic area and another operon containing GSU1519-GSU1522. The second output table on the bottom of the page provides information about regulatory sequence elements in the GSEL database located in the intergenic region upstream of the rpoS operon, that is, those between GSU1522 and GSU1523. For different search queries, the output may provide a ranked list of predicted or experimentally validated promoters, other transcription factor binding sites, attenuators, ribosome-binding sites, terminators, along with links to reference publications and microarray data. The link on the bottom provides the user with an option of downloading the data in a text file output.
score among all sequence elements in GSEL v. 2. Additionally, for each sequence element the output includes its strand direction, starting and ending positions in the genome, and an experimental or computational method, which was used to obtain this sequence element. The ''Additional information'' category provides more detail for a specific method. Information about whether a particular sequence element is significantly similar to a binding site of a known transcription factor in G. sulfurreducens or E. coli is provided. For each category of regulatory sequence elements (e.g., ribosomebinding sites, regions with significant DNA static curvature, and specific categories of transcriptional regulatory sequence elements such as ModE binding sites, Fur boxes, RpoS-, RpoD-, RpoH-, and RpoN-dependent promoters), users can receive additional information about these categories by clicking on a link for that element (e.g., Fur) in the Data Type column. This will result in a new pop-up window that will describe this category of data, providing information specific to G. sulfurreducens whenever possible. For those users who wish to further investigate specific systems of gene regulation, for example, particular transcription factors, or attenuator mechanisms, a new feature in GSEL v. 2 now provides a link to multiple databases and online information systems (RegulonDB, CoryneRegNet, PRODORIC, BacTregulators, DPInteract, Tractor_DB, ExtraTrain, RibEx, DBTBS, EcoCyc, and RegTransBase) on microbial regulation in other species at the bottom of each GSEL page, allowing users to search these outside resources for further information. GSEL query output also provides information about whether or not a predicted sequence element has known palindromic properties, along with information about a possible significant similarity of this sequence element to conserved sequence elements in 22 microbial species (McGuire and Church, 2000) , as well as the DNA sequence of this element and its reverse complement. New features in GSEL v. 2 include links to public databases (ArrayExpress or Gene Expression Omnibus, or GEO) describing information from microarray experiments that were used to generate each sequence element and to PubMed publications describing generation of these elements. An example of an output is provided in Figure 4 for a query using GSU1525, the rpoS gene encoding the s S subunit of RNA polymerase. The structure of the rpoS operon was predicted using computational tools and independently confirmed experimentally (Nú ñ ez et al., 2004) .
For each gene in the operon=genes table and for each sequence element in the table of sequence elements, a link to viewing it in the graphical genome browser is provided (Fig. 4) . The user has options to zoom in and out by increasing or decreasing the viewing resolution, and of adding or removing from view individual layers of the graphical map, for example, operons, singleton ORFs, genes, ribosome-binding sites, rho-independent terminators, genome regions with significant static DNA curvature, other regulatory sequence elements, and the ruler showing genome positions (bp). When the user clicks on a regulatory element in the map, it is highlighted in yellow, and its data type and coordinates are displayed in a popup window. This makes it possible for users to distinguish overlapping elements. The user may also click on a location in the map (not on an element) and view in the popup a list of predicted regulatory elements associated with that coordinate. If the location where the user clicked contains a genome feature or an operon, the user may query the GSEL database by the associated GSU number or operon number by using links provided in the pop-up window.
To date, the GSEL database has been utilized by members of the scientific community studying Geobacteraceae. Plans are in place for a continuing update of the GSEL database when novel experimental and computational information about regulatory sequence elements and other components affecting gene expression in G. sulfurreducens becomes available. This dynamic resource will likely have broader future applications for researchers interested in microbial gene regulation in a variety of bacterial species. Shown are numbers of sequence elements corresponding to different values of the Gi statistic. A sequence element is considered to form an overlapping pair with another sequence element in the GSEL database if the pair shares a common region !15 bp. In GSEL v. 2, if one or both elements in a pair have length L i <15 bp, they are considered to overlap if they share a common sequence region satisfying a criterion O ij ! min[L i , L j ]=2, where O ij is the length of their common region, and min[L i , L j ] is the length of shortest element in the pair. Terminator sequences in the GSEL database are not included in the calculation of the score G i , because terminator sequences are expected to be located at the end of a transcriptional unit, in contrast to most other transcription regulatory elements, which are often located before or at the start of transcription. Each sequence element other than a terminator sequence in the GSEL database is represented by a single value of G i , which is the number of methods that predicted this element and all elements in the database with which it forms overlapping sequence pairs. Therefore, different values of G i in the table represent different sequence elements in the GSEL database.
